Abstract. Cancer stem cells are considered as a main cause of cancer recurrence. In the present study, the effects of curcumin on the growth of liver cancer stem cells (LCSCs) were investigated. The proliferation and apoptosis of LCSCs were assessed by MTT assays and flow cytometry. Changes in the expression of apoptosis-related proteins were identified by western blotting.
Introduction
Liver cancer is one of the most common malignancies worldwide, with ~600,000 new cases diagnosed annually (1) . However, the 5-year survival rate of liver cancer is <9% (2) . This tumor is the fourth cause of cancer-associated mortality, ranking second in men and sixth in women, with >250,000 mortalities annually (1, (3) (4) (5) . At present, surgical resection is the major therapeutic strategy for liver cancer, although a high rate of recurrence remains (6, 7) .
Stem cells are a type of cells harboring the ability to self-renew and differentiate (8) . Cancer stem cells are a subset of cancer cells with stem cell properties. Although radiotherapy and chemotherapy can eliminate the majority of tumor cells, cancer stem cells have the ability to self-renew and differentiate to generate tumor cell heterogeneity, and thus resist these therapies (9) . Liver cancer stem cells (LCSCs) are considered to account for the chemotherapy resistance and recurrence of liver cancer (10, 11) . Multiple signals pathways, including Notch and Wnt/β-catenin, are found to serve important roles in the stemness of LCSCs (12) . The regulation of LCSCs via the manipulation of internal signaling pathways may become a feasible treatment for patients with liver cancer.
Curcumin is a yellow natural compound derived from Rhizoma curcumae longae and is widely used as a spice in Asia. Curcumin has been demonstrated to exert anti-inflammatory, antioxidant and antiangiogenic effects (13) (14) (15) , while it also exerts a potential antitumor effect (15) (16) (17) . However, the effects of curcumin on LCSCs remain unclear. Therefore, the aim of the present study was to examine the effects of curcumin on the growth of LCSCs, as well as the underlying mechanism of its action. The study demonstrated that treatment with curcumin is able to inhibit the growth of LCSCs, and this compound may be a promising treatment agent for liver cancer.
Materials and methods
Cell culture. The human liver cancer cell line HepG2 was obtained from the American Type Culture Collection (Manassas, VA, USA). The cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA), and cultured in a humidified atmosphere at 37˚C with 5% CO 2 .
CD133 MicroBeads supplied in the kit were added into the cells and incubated at 4˚C for 15 min. Subsequent to washing with buffer, the cells were centrifuged at 300 x g for 10 min at 4˚C, and then added into an appropriate MACS column that was placed in the magnetic field of a MACS separator (both MiltenyiBiotec GmbH). When the column reservoir was empty, the column was washed with 500 µl buffer, removed from the separator and eluted with an 1 ml buffer. The isolated cells were grown in DMEM with 10% FBS and cultured in a humidified atmosphere at 37˚C with 5% CO 2 .
MTT assay for cell viability determination. The LCSCs were seeded into 96-well plates with 3,000 cells in each well. At 24 h later, the cells were treated with 0, 10, 20, 40 or 80 µM curcumin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37˚C for 24 h, and then the cell viability was assessed by MTT assay. Briefly, MTT reagent (Sigma-Aldrich; Merck KGaA) at a final concentration of 0.5 mg/ml was added into each well and incubated for an additional 4 h. Subsequently, the media were removed, and 200 µl dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) was added into each well. The absorbance at 570 nm was then measured by a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Apoptosis detection. The LCSCs were seeded into 6-well plates at a density of 1x10 5 cells in each well and treated with 0 or 20 µM curcumin at 37˚C for 24 h. Next, the cell apoptosis was detected by flow cytometry with a cell apoptosis detection kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). Briefly, the cells were collected, washed twice with PBS and then resuspended in 500 µl binding buffer. Subsequently, 5 µl Annexin V-fluorescein isothiocyanate and 5 µl propidium iodide were added into the cells and incubated for an additional 15 min. The cell apoptosis was then analyzed by flow cytometry.
Western blot analysis. The LCSCs were seeded into 6-well plates (1x10 5 cells/well) and treated with 0 or 20 µM curcumin at 37˚C for 24 h. Then the cells were collected by centrifugation (speed, 300 x g) at 4˚C for 10 min. Total proteins in the cells from each group were extracted using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) with 1% phenylmethanesulfonyl fluoride (Beyotime Institute of Biotechnology). The mitochondrial and cytoplasmic proteins were extracted using a cell mitochondria isolation kit (Beyotime Institute of Biotechnology). Subsequent to measuring the concentration of proteins with a BCA protein assay kit (Beyotime Institute of Biotechnology), 40 µg proteins from each group were separated by 12% SDS-PAGE. Next, the separated proteins were transferred onto a polyvinylidene fluoride membranes (EMD Millipore, Bedford, MA, USA). After blocking with 5% skim milk, the membranes were incubated at 4˚C overnight with primary antibodies against caspase-3 (1:500; cat. no. ab44976; Abcam, Cambridge, UK), caspase-9 no. sc-101738; Santa Cruz Biotechnology, Inc.), cytochrome c oxidase subunit IV (1:1,000; cat. no. 11242-1-AP; ProteinTech Group, Inc., Chicago, IL, USA), serving as internal reference for mitochondrial proteins) and β-actin (1:1,000; cat. no. AF0003; Beyotime Institute of Biotechnology), which served as the internal reference for total proteins. Following washing with Tris-buffered saline with Tween 20, the membranes were incubated with the corresponding horseradish peroxidase-conjugated secondary antibodies (cat. no. A0181, A0216, A0208; all 1:1,000; Beyotime Institute of Biotechnology) at 37˚C for 2 h. Finally, the membranes were visualized with an enhanced chemiluminescence detection system (Beyotime Institute of Biotechnology). The protein levels were quantified using Quantity One software (version 4.6; Bio-Rad Laboratories, Inc.).
Treatment with PI3K/AKT signal activator, 740Y-P.
LCSCs were seeded into 6-well plates (1x10 5 cells/well) and treated with 20 µM curcumin for 24 h. Next, 20 µM 740Y-P (R&D Systems, Inc., Minneapolis, MN, USA) was added into cells and incubated for a further 1 h. The cells were then collected and subjected to MTT assay, apoptosis detection and western blot analysis, as described earlier.
Statistical analysis. All experiments were repeated more than three times and the results are presented as the mean ± standard deviation. Differences between each group were analyzed using Student's t-test in GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Curcumin inhibits the proliferation of LCSCs. Following isolation, the LCSCs were treated with different concentrations of curcumin, and then an MTT assay was used to detect the proliferation of LCSCs. As shown in Fig. 1 , following treatment with 10, 20, 40 or 80 µM curcumin, the proliferation of LCSCs was significantly decreased compared with that in the untreated control group (P<0.05). These results demonstrated that curcumin treatment markedly inhibited the proliferation of LCSCs. In addition, compared with the 10 µM curcumin group, treatment with 20 µM curcumin further decreased the proliferation of LCSCs (P<0.01). However, LCSCs treated with 40 or 80 µM curcumin demonstrated no significant difference when compared with LCSCs treated with 20 µM curcumin. Thus, the concentration of 20 µM curcumin was used in the subsequent experiments.
Curcumin induces the apoptosis of LCSCs. Subsequent to treatment with curcumin, the cell apoptosis was detected by flow cytometry. As shown in Fig. 2 , the percentage of apoptotic cells in the control group was 1.23±0.35%. However, following treatment with 20 µM curcumin, the percentage of apoptotic cells was increased to 11.37±1.04%, which was significantly higher in comparison with that in the control group (P<0.001). These results demonstrated that treatment with curcumin induced the apoptosis of LCSCs.
To further examine the cell apoptosis, the protein levels of caspase-3 and caspase-9 in the LCSCs were also detected by western blot analysis. Following treatment with curcumin, the relative protein levels of caspase-3 were markedly increased from 0.09±0.02 in the control to 0.22±0.03 in the treated cells ( Fig. 3A; P<0.01). Similarly, the protein levels of caspase-9 were significantly increased from 0.19±0.03 in the control cells to 0.62±0.03 in the curcumin-treated cells ( Fig. 3B; P<0 .001). The levels of apoptosis-associated proteins Bax and Bcl-2 were also detected in the present study. The results indicated that the protein levels of Bax were evidently increased from 0.23±0.03 to 1.08±0.13 ( Fig. 3C ; P<0.001), whereas the protein levels of Bcl-2 were decreased from 1.21±0.09 to 0.84±0.08 ( Fig. 3D ; P<0.01) in the control and curcumin-treated cells, respectively. Furthermore, the release of cytochrome c from mitochondria was assessed by western blot analysis. As shown in Fig. 4A and B, the levels of cytochrome c in the mitochondria were decreased from 0.95±0.08 in the control cells to 0.52±0.08 in the curcumin-treated cells (P<0.01), whereas the levels of cytochrome c in the cytoplasm were increased from 0.27±0.05 to 0.82±0.06 (P<0.001). These results provided additional evidence for the apoptosis-induced effects of curcumin.
Curcumin inhibits the activation of the PI3K/AKT/mTOR signaling pathway. Following treatment with curcumin, the protein expression levels of PI3K were detected by western blot analysis. As shown in Fig. 5A , the protein levels of PI3K were significantly decreased upon curcumin treatment (P<0.01). The phosphorylation of AKT and mTOR was also detected by western blot analysis. The results revealed that the protein levels of p-AKT were significantly decreased after treatment with curcumin (P<0.001), whereas the protein levels of AKT showed no significant changes (Fig. 5B) . There was also a marked decrease in the protein levels of p-mTOR (P<0.01), with no evident alteration observed in the protein levels of mTOR (Fig. 5C ). These results demonstrated that the activation of PI3K/AKT/mTOR signaling pathway was inhibited by curcumin.
PI3K/AKT activator 740Y-P reverses the effects of curcumin.
Following treatment with curcumin and/or 740Y-P, an activator of PI3K/AKT signaling, the cell viability of LCSCs was detected by MTT assay. The results of MTT assay revealed that curcumin inhibited the proliferation of LCSCs, which was consistent with the earlier observations of the present study. However, after treatment with 740Y-P, the inhibitory effect of curcumin on the proliferation of LCSCs was significantly reversed compared with the cursumin group ( Fig. 6A; P<0 .05). The cell apoptosis of LCSCs was also detected by flow cytometry following treatment with 740Y-P. As shown in Fig. 6B and C, the apoptosis of LCSCs was significantly increased after treatment with curcumin compared with the control group (P<0.05), but was significantly reversed by treatment with 740Y-P compared with the curcumin group (P<0.01).
The expression levels of various apoptosis-associated proteins were also detected by western blot assay following treatment with curcumin and/or 740Y-P. As shown in Fig. 7 , the expression levels of caspase-3 and caspase-9 were significantly increased upon treatment with curcumin alone compared with the control group (P<0.01), but were significantly decreased to nearly a normal level after combined treatment with curcumin and 740Y-P compared with the curcumin group ( Fig. 7A and B ; P<0.01). In addition, the expression of Bax was increased and the expression of Bcl-2 was decreased following treatment with curcumin alone. However, upon treatment with curcumin and 740Y-P, the expression of Bax was significantly decreased (P<0.05) and the expression of Bcl-2 was significantly increased compared with the curcumin group ( Fig. 7C and D; P<0.01). The levels of cytochrome c in the mitochondria and cytoplasm were also detected by western blot analysis. The results revealed that, after treatment with curcumin alone, the levels of cytochrome c in the mitochondria were markedly decreased, whereas the levels of cytochrome c in the cytoplasm were markedly increased. By contrast, subsequent to co-treatment with 740Y-P, the decreased levels of cytochrome c in the mitochondria and increased levels in the cytoplasm were significantly reversed compared with the curcumin group ( Fig. 8; P<0 .01 and P<0.05, respectively). These results revealed that, upon treatment with the PI3K/AKT activator 740Y-P, the effects of curcumin on LCSCs were reversed.
Discussion
Liver cancer is a type of malignancy with a strong impact on human health, and LCSCs are important in the recurrence of this tumor. In the present study, the effects of curcumin on the growth of LCSCs were investigated. The results revealed that curcumin inhibited the proliferation and induced apoptosis in LCSCs. Further experiments demonstrated that the PI3K/AKT/mTOR signaling pathway was involved in the growth-inhibitory effect of curcumin. Curcumin has been suggested to ameliorate liver damage induced by various factors (19) (20) (21) (22) , and to exert an anticancer effect in liver cancer (23-29). In the current study, it was demonstrated that curcumin inhibited the proliferation of LCSCs. As LCSCs are closely associated with the recurrence of liver cancer, the present study suggests that curcumin may have an excellent anticancer effect, reducing the recurrence of liver cancer. Furthermore, curcumin has been observed to Figure 3 . Curcumin regulated the expression of apoptosis-associated proteins. Subsequent to treatment with 20 µM curcumin, the protein levels of (A) caspase-3, (B) caspase-9, (C) Bax and (D) Bcl-2were detected by western blot analysis. The relative protein levels were calculated using β-actin as the internal reference. All experiments were repeated three times. The results are expressed as the mean ± standard deviation. exert a potential anticancer effect in multiple cancer types, inhibiting the cancer-associated proliferation, migration and angiogenesis (30) (31) (32) (33) .
Cancer stem cells are a population of cancer cells with the ability to self-renew, differentiate, as well as initiate and sustain tumor growth. It is considered that cancer stem cells are responsible for cancer recurrence and chemoresistance (34, 35) . Therefore, agents targeting cancer stem cells may have an improved therapeutic effect in cancer and control tumor recurrence. In the present study, it was observed that curcumin inhibited the growth of LCSCs. Consistent with these findings, curcumin has previously been reported to Figure 4 . Curcumin inhibited the release of cytochrome c. Western blot analysis was used to detect the protein levels of (A) cytochrome c in the mitochondria using COX IV as the internal reference and (B) cytochrome c in the cytoplasm using β-actin as the internal reference. Each experiment was repeated three times and the results are expressed as the mean ± standard deviation. inhibit the growth of breast cancer and glioblastoma stem cells (34, 36) .
Curcumin has chemopreventive and chemotherapeutic effects in cancer, while Phase I and II clinical trials demonstrated that this compound was well-tolerated in cancer patients (37, 38) . Previous studies revealed that the growth-inhibitory effect of curcumin on cancer cells was linked with its apoptosis-inducing effect (39, 40) . In the present study, curcumin was identified to induce apoptosis in LCSCs. In addition, the protein levels of apoptosis-associated caspase-3 and caspase-9 in LCSCs were also increased, which provided additional evidence for the apoptosis-inducing effect of curcumin. The current study also demonstrated an increased Bax level and decreased Bcl-2 level in LCSCs following treatment with curcumin, further suggesting the apoptosis-inducing effect of curcumin. Furthermore, the ratio of Bcl-2/Bax is known to be associated with the opening of the mitochondrial permeability transition pores, and alterations in mitochondrial membrane potential lead to the release of cytochrome c (41, 42) . In the present study, release of cytochrome c was also detected following treatment with curcumin. These results indicate that the apoptosis-inducing effect of curcumin may be associated with the mitochondrion-mediated apoptosis. The release of cytochrome c leads to the activation of caspase-9, which is an initiator of cell death (43) . The activation of caspase-9, in turn, leads to the cleave of caspase-3 and then the cleave of poly (ADP-ribose) polymerase 1, which is a nuclear protein associated with programmed cell death (44) . Finally, curcumin also affects the cell cycle progression, autophagy, invasion, epithelial-mesenchymal transition, angiogenesis and drug resistance of cancer cells (45-51).
The PI3K/AKT signaling pathway is closely associated with cell growth and is a critical target of chemotherapeutics. In the present study, the results observed that treatment with curcumin inhibited the activation of the PI3K/AKT/mTOR signaling pathway; however, co-treatment with an activator of PI3K/AKT reversed the effects of curcumin. These results demonstrate that curcumin performs its growth-inhibitory effect in LCSCs through the PI3K/AKT/mTOR signaling pathway. Curcumin can also impact the cell cycle progression, autophagy, invasion, epithelial-mesenchymal transition and angiogenesis of cancer cells through the PI3K/AKT signaling pathway, thus inhibiting the growth and metastasis of cancer (45) (46) (47) (48) (49) . In addition, curcumin exerts an anti-inflammatory effect and protects cardiomyocytes against high glucose-induced apoptosis through this pathway (9, 52) . Additionally, previous studies demonstrated that the Wnt/β-catenin, Notch-1, nuclear factor-κB and mitogen-activated protein kinase signaling pathways were also involved in the effects of curcumin in cancer cells (51, (53) (54) (55) (56) (57) , and these signaling pathways may also be involved in the growth-inhibitory effect of curcumin in LCSCs; however, this requires further investigation in future studies.
In conclusion, the present study demonstrated that curcumin inhibited the growth of LCSCs through the PI3K/AKT/mTOR signaling pathway. These results indicated that curcumin may be an effective anticancer agent in the treatment of liver cancer and may reduce the recurrence of liver cancer. Following treatment with curcumin and/or 740Y-P, western blot analysis was used to detect the protein expression levels of (A) cytochrome c in the mitochondria using COX IV as the internal reference and (B) cytochrome c in the cytoplasm using β-actin as the internal reference. Each experiment was repeated more than three times. The results are presented as the mean ± standard deviation. 
